INTRODUCTION
Manganese and iron are both metallic elements that are known to cause aesthetic issues in drinking water. Globally, both have been identified as sources of off-colors and off-flavors. Manganese and iron are both abundant in the Earth's crust, and therefore, both are often found in drinking water sources that come in contact with iron and manganese containing rock or sediment. Manganese concentrations between 0.1 and 1 mg/L and iron concentrations of 0.05-10 mg/L are common in source waters.
In ground waters, which are low in oxygen, both iron and manganese can be present in their soluble, reduced forms, Fe(II) and Mn(II) . This is also true of surface waters, which are low in oxygen, specifically in the hypolimnion of stratified lakes and reservoirs. Conversely, the oxidized forms of both iron (Fe(III)) and manganese (Mn(IV)) are poorly soluble in surface and ground waters of sufficient dissolved oxygen or under oxidizing conditions. Owing to similarities in chemistry and occurrence, treatments to remove manganese and iron are also similar (Crittenden et al. ) .
Internationally, manganese and iron have similar drinking water standards (Table 1) . Currently, the World Health Organization (WHO) does not have established guidelines for either manganese or iron, but does acknowledge that aesthetic issues may occur (WHO ).
Treatment to remove manganese and iron is often imparts off-color to water at concentrations <10% of the USEPA secondary maximum contaminant level (SMCL) of 0.05 mg/L (USEPA ). Off-color is also attributed to iron in drinking water, but the concentration at which off-colors can be detected is not well explored. Objectives for this study include determination of age relationship for manganese taste threshold, determination of manganese and iron oxidation in saliva, and determination of concentrations resulting in visual detection of oxidized metals in drinking water. The more defined thresholds for off-colors and off-flavors caused by manganese and iron in drinking water will assist drinking water treatment professionals and consumers in ensuring their water is free from aesthetic issues. 
METHODS

Manganese taste threshold
Metal oxidation in artificial saliva
Artificial saliva
Artificial inorganic saliva was prepared to contain 752 mg/L The USEPA limit of detection method (Keith et al. ) was used to calculate a limit of detection for the leucoberbeline blue method. It was determined that the limit of detection is an absorbance value of 0.054 with a 1 mg/L KMnO 4 standard used to determine standard deviation.
Speciation of iron
The phenanthroline method (Standard Methods for the Examination of Water and Wastewater ) was used to determine Fe(II) in solutions through formation of a phenanthrolineferrous complex with an absorbance maxima at 510 nm.
The phenanthroline method measures ferrous iron, so a decrease in ferrous iron indicates conversion to ferric iron. 
Visual testing for iron
The one-in-five forced choice method was used to determine the visual perception of iron in drinking water. Solutions of 
RESULTS
Manganese taste thresholds
The results of the Mn(II) triangle taste tests can be seen in Figure 1 . Individual taste thresholds for the 57 subjects ranged from 10.7 to 413.3 mg/L Mn(II). The calculated 50%
BET for the population is 165 mg/L Mn(II). There was no correlation found between age and individual taste threshold of subjects (R 2 ¼ 0.0087).
Metal oxidation in artificial saliva
Manganous manganese
The leucoberbeline blue method cannot detect oxidized manganese at absorbances lower than 0. 
Ferrous iron
The initial concentration of ferrous iron in all solutions was 10 mg/L (180 mM Fe(II)). Results show that for inorganic saliva and lipid-amended inorganic saliva, there is a significant (P < 0.05) reduction in ferrous iron concentration at both 22 and 37 W C and the majority of the reactivity occurs within 1 minute then continues over time (Figure 2 ). There was not a significant amount of oxidation over time for ferrous iron in deionized water at either 22 or 37 W C. For both inorganic saliva and lipid-amended inorganic saliva, there is a significant difference between ferrous iron concentrations at 22 and 37 W C at each time point. There was no significant difference between inorganic saliva and lipidamended inorganic saliva at each time point for each temperature, but both saliva types were significantly different from the deionized water solution at each time for each temperature.
Visual detection of oxidized iron
Using a forced choice one-in-five test, oxidized ferric iron (Table 1) , and therefore, current regulations should be considered to be protective of off-flavors from manganese. However, it is important to note that the high manganese taste threshold indicates that consumers would most likely not be able to detect elevated manganese concentrations in their drinking water, which could be harmful to human health, especially in children (Bouchard et al. , ; Khan et al. ) .
There is a clear contrast between the impact of reduced iron and reduced manganese on the flavor of a drinking water, with iron having the potential to adversely impact flavor of drinking water at concentrations below the current international aesthetic guidelines and sensory ability impacted by age, and manganese having little effect on the flavor of drinking water at concentrations near and even far greater than the current international aesthetic guidelines with no relationship between tasting ability and subjects' age.
Manganese and iron visual perception
To more fully examine the aesthetic differences between iron and manganese, tests to determine the ability to visually detect oxidized iron were performed. The results suggest that many consumers are able to detect an offcolor due to Fe(III) at the USEPA SMCL (), 0.3 mg/L
Fe. This standard is widely used in the international community (Table 1) standards as 97% of people are able to detect oxidized manganese at 10% of the current USEPA SMCL, which is shared by much of the international community (Table 1 ) (Sain et al. ) . Examples of oxidized manganese in water are available in Figure 3 . These data suggest that in order to protect against off-colors, consumer complaints, and maintain consumer confidence in water safety, utilities should achieve maximum removal of iron and manganese.
CONCLUSIONS
Although manganese and iron are often treated similarly in engineering guidelines, there are clear aesthetic differences between the two metals and their oxidation states, as summarized in Table 3 . Elevated Fe(II) concentrations are much more likely than Mn(II) to result in an off-flavor, even at concentrations less than international aesthetic guidelines. There is no evidence that Mn(II) or Mn(IV) exhibits a bitter or metallic taste at the 0.05-0.1 mg/L Mn concentrations commonly applied for aesthetic standards.
In contrast, Mn(IV) is more likely than Fe(III) to result in detection of an off-color, but both metals can be detected at and below the current aesthetic guidelines. In conclusion, utilities and homeowners should make efforts to minimize both manganese and iron in drinking waters to protect against off-flavors and colors.
